Atherosclerosis (AS)
3 is a disorder of the medium-sized and large arteries with thrombotic events as its clinical manifestation (1) . Alterations in the endothelial function are one of the earliest measurable markers in atherogenesis, which precede the development of morphologic atherosclerotic changes and are predictors of cardiovascular events (2, 3) . Endothelial dysfunction is a common feature of patients with different risk factors of atherosclerosis, such as hypercholesterolemia, diabetes, hypertension, and smoking (4) .
Today the key role of inflammation during atherogenesis is well accepted (5) . Rheumatoid arthritis (RA) is a chronic inflammatory disease associated with enhanced cardiovascular mortality (6 -8) . The elevated risk for cardiovascular events in RA patients is independent of age, sex, smoking, hypercholesterolemia, or body mass index (9, 10) .
Formation of atherosclerotic plaques involves the internalization of lipids into the intima of the vessel wall and endothelial cell activation. This results in enhanced chemokine/cytokine expression leading to increased expression of vascular cell adhesion molecule 1 (VCAM-1) on the surface of endothelial cells (11) . The adhesion and infiltration of leukocytes and monocytes into the arterial wall contribute to plaque progression. Activation of the endothelium also leads to an imbalanced secretion of endothelium-derived relaxing and contracting factors and to the development of an endothelial dysfunction. In patients suffering from AS the endothelium-dependent relaxation is impaired and the endothelial dysfunction is accepted as an early atherosclerotic marker (12) . Enhanced formation of 3 The abbreviations used are: AS, atherosclerosis; CD68, cluster of differentiation 68; CIA, collagen-induced arthritis; CTSS, cathepsin S; DRB, 6-dichloro-1-ribofuranosylbenzimidazole; eNOS, endothelial nitric-oxide synthase; ICAM-1, intercellular adhesion molecule 1; Ier3, immediate early response 3; iNOS, inducible nitric-oxide synthase; Mip-1␣ (CCL3), macrophage inflammatory protein-1␣; Nox, NADPH oxidase; RA, rheumatoid arthritis; RONS, reactive oxygen and nitrogen species; S100A8, S100 calcium-binding protein A8; SPP1, osteopontin; TTP, tristetraprolin; VASP, vasodilatorstimulated phosphoprotein; VCAM-1, vascular cell adhesion molecule 1; qRT, quantitative RT; PDBu, phorbol 12,13-dibutyrate; ANOVA, analysis of variance.
reactive oxygen and nitrogen species (RONS) is an important factor in this process (13) . RONS are able to influence the endothelium via different pathways. Superoxide can directly inhibit soluble guanylyl cyclase, the main target of nitric oxide (NO), and reduce the bioavailability of NO by reaction to peroxynitrite (14) . Furthermore, RONS can enhance oxidative stress by the inhibition of superoxide dismutases (14) and uncoupling of NO synthases (15) . In RA patients the molecular mechanisms leading to AS are not well understood, despite the knowledge that both RA and AS are inflammatory diseases. There are several pro-inflammatory mediators known to be elevated in RA patients that are also responsible for the progression of inflammation-induced AS: interleukin-1␤ and tumor necrosis factor-␣ (TNF-␣) can induce the expression of VCAM-1 and therefore elicit the migration of leukocytes into the intima (16) .
The expression of most pro-inflammatory mediators is regulated both transcriptionally and post-transcriptionally. RNAbinding proteins are important for the post-transcriptional regulation of mRNA stability. They bind their target mRNAs predominantly via AU-rich elements (ARE) and lead to either activation or inhibition of ARE-mediated mRNA decay (17) . Tristetraprolin (TTP) is an ARE-binding protein and stimulates the deadenylation and breakdown of ARE-containing mRNAs (18) . Several genes, for example TNF-␣ (19) or the macrophage inflammatory protein-1␣ (MIP-1␣) (20) , are regulated by TTP.
Mice lacking TTP (TTP
) are characterized by a shortened life span due to a complex phenotype of inflammatory arthritis, cachexia, left-sided cardiac valvulitis, and blood cell hyperplasia (21, 22) . They have higher levels of TNF-␣ and their severe phenotype can be improved by an anti-TNF-␣ therapy (23) . As it is known that RA patients also have increased amounts of TNF-␣ (24), TTP-deficient mice seem to be a suitable model for investigating the relationship between RA and AS mechanistically. Our objective was to identify the mediators for the initiation of AS (endothelial dysfunction) in this chronic inflammatory mouse model, as well as to characterize complex signaling pathways leading from RA to AS.
EXPERIMENTAL PROCEDURES
Animals-All mice were housed in accordance with standard animal care requirements and maintained under specified pathogen-free conditions on a 12/12-h light/dark circle. Water and food were given ad libitum. TTP ϩ/Ϫ mice (obtained from the laboratory of Dr. Blackshear) and TNF-␣ Ϫ/Ϫ mice (stock 003008; The Jackson Laboratory) had a C57BL/6 background. We further cross-bred TNF-␣ Ϫ/Ϫ and TTP ϩ/Ϫ animals to obtain TTP
, and TTP ϩ/ϩ animals were obtained by mating TTP ϩ/Ϫ animals. Experimental TTP Ϫ/Ϫ /TNF-␣ Ϫ/Ϫ animals were obtained by mating TTP ϩ/Ϫ /TNF-␣ Ϫ/Ϫ animals. Genotyping of the animals was performed by polymerase chain reaction, using primers that span the regions of the wild type genes disrupted by the targeting vectors. The following oligonucleotides (obtained from Sigma) were used for genotyping the Ttp-locus: TTP-wt/ko-for, GAGGGCC-GAAGCTGCGGTGGGT; TTP-wt-rev, GGCTGGCCAGGGA-GAGCTAGGTC; and TTP-ko-rev, CTGTTGTGCCCAGTCA-TAGCCG. For genotyping the Tnf-␣ locus the following oligonucleotides were used: TNF-␣-wt-for, GCACAGAAAG-CATGATCCG; TNF-␣-wt-rev, TCCTTATCTCTCATGCCT-CTCTC; TNF-␣-ko-for, CTTGGGTGGAGAGGCTATTC; and TNF-␣-ko-rev, AGGTGAGATGACAGGAGATC. For the analysis of TTP and Nox2 mRNA expression in the model of collagen-induced arthritis (CIA) DBA/1 mice, expressing a transgenic T cell receptor ␤-chain (V␤12) obtained from a collagen type II (CII)-specific T cell clone (25) were used.
The animal studies were approved by the ethical board and were performed in accordance with German animal protection law and the guidelines for the use of experimental animals as stipulated by the Guide of Care and Use of Laboratory Animals of the National Institutes of Health. Mice were euthanized by intraperitoneal injection of 700 l of pentobarbital solution (1% pentobarbital in PBS).
Induction of CIA and Measurement of mRNA Expression in Paws-CIA induction in V␤12-DBA/1 mice, RNA isolation, and mRNA expression analyses were performed as described (26) . mRNA expression of TTP and Nox2 in paws of PBS-or chicken CII-treated animals was analyzed at day 33 after the first CII treatment.
Analysis (27) . Adherent cells (mostly monocytes/macrophages) were incubated with LPS (2 g/ml) and IFN-␥ (100 units/ml) to induce Nox2 mRNA expression. After 4 h 6-dichloro-1-ribofuranosylbenzimidazole (DRB) (25 g/ml) was added to stop RNA Polymerase II-dependent transcription. After 15, 30, 60, 120, and 240 min the expression of Nox2 and GAPDH mRNA were measured. Nox2 mRNA expression was normalized to GAPDH mRNA expression. The relative amount of Nox2 mRNA at 0 h DRB was set to 100%. Curve fittings of the resulting DRB time curves were performed by non-linear regression using Prism 6.0 (GraphPad Software, San Diego, CA).
Organ Bath Experiments-Aortas were isolated from TTP
Ϫ/Ϫ animals, cut into 3-mm rings, and set up in organ bath chambers. After pre-contracting the aortic rings with 100 nmol/liter of norepinephrine, the endothelium-dependent vasodilatation was measured in response to acetylcholine or sodium nitroprusside in the presence or absence of L-NAME (1 mmol/liter) (28) .
Cholesterol Measurements-Total and HDL cholesterol as well as triglycerides and blood glucose were measured in mouse serum using the Alere Cholestech LDX Analyzer and Cholestech LDX Test Cassettes as described by the manufacturer (Alere, Köln, Germany). The LDL cholesterol was calculated using the method published by Friedewald et al. (29) .
Blood Cells Counts-Blood cell counts (leukocytes, erythrocytes and thrombocytes) were performed using the HEMAVET 950 system as described by the manufacturer.
Blood Pressure Measurement-Blood pressure and heart beat rate were measured by a non-invasive tail-cuff method. A pressure signal from the tail artery was detected by a pulse transducer relayed via a NIBP controller and a Powerlab, and recorded by Chart software (all from AD Instruments, Sydney, Australia). Pressure measurements were performed five times for each mouse to obtain an average value.
RNA Isolation-The organs of TTP
Ϫ/Ϫ animals were homogenized in guanidinium thiocyanate buffer and total RNA was isolated by guanidinium thiocyanate/phenol/chloroform extraction as previously described (30) .
Real-time Reverse Transcription Polymerase Chain Reaction Analysis-To analyze the gene expression in mouse samples, two-step real-time RT-PCRs (qRT-PCR) were performed. 500 ng of total RNA was reverse transcribed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Darmstadt, Germany) following the manufacturer's recommendations. Subsequently qRT-PCR (TaqMan or SYBR Green) was performed as described (31, 32) with the following oligonucleotides (obtained from Sigma) as sense and antisense primers, as well as TaqMan hybridization probes (Table 1) .
mRNA expression data were normalized to GAPDH mRNA expression. To calculate the relative mRNA expressions, the 2 (Ϫ⌬⌬Ct) method (33) was used.
Immunoblot and Dot Blot Experiments-For protein expression analysis, 50 -100 g of protein was separated on SDS-polyacrylamide gels and transferred to nitrocellulose membrane by semi-dry electroblotting. The antibodies for the detection of ␣-Actinin, ␤-Actin (both Sigma), CD68, P-VASP (both Merck Millipore), eNOS, iNOS, and Nox2 (all BD Bioscience) were used following the manufacturer's recommendations. Secondary anti-mouse and anti-rabbit HRP antibodies were obtained from Vector Laboratories/Biozol (Eching, Germany). For the determination of peroxynitrite, 20 g of protein of TTP ϩ/ϩ and TTP Ϫ/Ϫ hearts was transferred to nitrocellulose membrane, detected with an anti-nitrotyrosine antibody (Upstate/Millipore) and an anti-mouse antibody (Vector Laboratories/Biozol, Eching, Germany). The immunoreactive proteins on the blots were visualized by the enhanced chemiluminescence detection system (ECL, Thermo Scientific, Braunschweig, Germany).
Whole Blood RONS Formation-The oxidative burst of whole blood samples was measured by L-012 (100 mol/liter) ECL under PDBu (1 mol/liter)-stimulated conditions as described (34) . Briefly, blood was freshly collected in citrate monovettes and diluted in L-012 containing PBS. PDBu-stimulated RONS formation was determined using a Centro chemiluminescence plate reader from Berthold Technologies (Bad Wildbach, Germany). The ECL signal was expressed as counts (photons) per s.
Membranous Superoxide Formation (NADPH Oxidase Activity)-The NADPH oxidase activity in cardiac membrane fractions was determined by Amplex Red (100 mol/liter)/horseradish peroxidase (0.1 mol/liter) ECL in the presence of NADPH (200 mol/liter) using a Twinkle fluorescence plate reader as described (34, 35) . Membranous fractions were generated from glass/glass-homogenized heart tissue in DTT (5 mmol/liter)-containing Tris buffer by differential centrifugation at 2,000, 20,000, and 100,000 ϫ g. The protein amount was determined by Lowry analysis and the final protein content was adjusted to 0.2 mg/ml. NADPH oxidase-derived superoxide formation was induced by addition of NADPH and lucigenin-derived enhanced chemiluminescence was detected using a Lumat LB9507 single vial chemiluminometer from Berthold Technologies. The ECL signal was expressed as counts (photons) per 30 s.
Determination of Vascular RONS Formation-Vascular RONS formation was determined by dihydroethidine (1 mol/liter)-dependent fluorescence microtopography in aortic cryosections (36, 37) .
Statistics-Data represent mean Ϯ S.E. Statistical differences were determined by factorial analysis of variance followed by oneway or two-way ANOVA multiple comparison test. In the case of two means classical t test analyses were used. All statistical analyses were performed using GraphPad Prism 6.0.
RESULTS

Tristetraprolin Deficiency Causes an Increase in Pro-inflammatory and -Atherosclerotic Marker Gene Expression-In 3-4-month-old TTP
Ϫ/Ϫ mice aortas we observed a significant increase in the mRNA expression of known TTP target genes (e.g. Tnf-␣ and Mip-1␣, Fig. 1A ). These results indicate a highly inflamed status in the aorta of those mice. In addition we detected increased mRNA expression of other pro-atherosclerotic mediators (Fig. 1A) in the aorta of TTP Ϫ/Ϫ mice: Cal- granulin A (S100A8) a biomarker for chronic inflammatory diseases (26), Cathepsin S (CTSS) and Osteopontin (SPP1), which are related to atherogenesis (38) , and the recruitment of monocytes/macrophages (39), respectively. Furthermore, vascular inflammation was evident by enhanced mRNA expression of adhesion molecules VCAM-1 and ICAM-1 in the aorta of TTP Ϫ/Ϫ mice (Fig. 1B) . By analyzing monocyte/macrophage infiltration with Western blot experiments using a specific CD68 antibody we observed a clear enhancement of this monocyte/ macrophage marker (40) in the aorta of TTP Ϫ/Ϫ mice (Fig. 1C) . Tristetraprolin Deficiency Leads to an Increase in the Numbers of Neutrophil Granulocytes, Monocytes, and ThrombocytesBlood cell counts using whole blood from TTP ϩ/ϩ and TTP Ϫ/Ϫ mice revealed slight enhancement of neutrophil granulocyte, monocyte (see Table 2 ), and thrombocyte (see Table 2 ) cell numbers in the blood of TTP Ϫ/Ϫ mice. In contrast, lymphocyte cell numbers were decreased in TTP Ϫ/Ϫ mice (see Table 2 ). No changes were seen in the numbers of eosinophil or basophil granulocytes and erythrocytes.
Tristetraprolin Deficiency Leads to a Cholesterol-independent Endothelial Dysfunction-As endothelial dysfunction is one of the earliest markers in AS pathogenesis (2, 3) and a common feature of AS patients with different risk factors (4), we analyzed the endothelial function in TTP Ϫ/Ϫ mice. In comparison to wild type (TTP ϩ/ϩ ) mice, aortas of TTP Ϫ/Ϫ mice were less responsive to acetylcholine-induced relaxation ( Fig. 2A) . For both groups the NOS inhibitor L-NAME abolished the acetylcholine-induced relaxation ( Fig. 2A) , which indicates a NOdependent mechanism. In addition, aortas of both groups displayed similar relaxation in response to the NO-donor sodium nitroprusside (Fig. 3A) , indicating an intact downstream signaling via the soluble guanylyl cyclase in TTP Ϫ/Ϫ mice. Impor- tantly the development of this endothelial dysfunction is not cholesterol-dependent, as TTP ϩ/ϩ and TTP Ϫ/Ϫ mice showed no significant differences in blood cholesterol and triglyceride levels (Fig. 3B) . In addition TTP Ϫ/Ϫ mice displayed normal blood glucose levels (Fig. 3B) and reduced blood pressure (Fig.  3C ). An accepted marker for NO bioavailability and its downstream signaling is phosphorylation of Ser-239 of the vasodilator-stimulated phosphoprotein (VASP). By analyzing P(Ser-239)-VASP expression in the aortas, we found a 25% decrease in NO/cGMP signaling in TTP Ϫ/Ϫ mice (Fig. 2B) . Again, this result indicates a reduced NO bioavailability.
A reduced NO bioavailability can result from a reduction of NO production by NO synthases or by enhanced inactivation of NO by superoxide. In qRT-PCR (RNA) and Western blot (protein) analyses we observed no reduction in the expression of eNOS or iNOS, the main producers of NO in the vascular system (Fig. 2, C and D) . Therefore, the reduced NO bioavailability was more likely the result of enhanced NO breakdown by oxidative stress.
Tristetraprolin Deficiency Leads to Enhanced Burden of Oxidative Stress-We measured RONS formation either under PDBu-stimulated conditions in whole blood (Fig. 4A ) or in the presence of NADPH in cardiac membrane fractions (Fig. 4B) FIGURE 2. TTP deficiency leads to endothelial dysfunction with unchanged eNOS or iNOS expression in TTP-deficient mice. A, aortic rings from TTP ϩ/ϩ , TTP Ϫ/Ϫ , and TTP Ϫ/Ϫ /TNF-␣ Ϫ/Ϫ mice were mounted in a wire myograph for isometric tension recording. Rings were pre-contracted with 100 nmol/liter of norepinephrine and relaxed with increasing concentrations of acetylcholine in the presence or absence of the NOS inhibitor L-NAME (L-N, 1 mmol/liter; only TTP ϩ/ϩ or TTP Ϫ/Ϫ mice). Data shown are mean Ϯ S.E. of 4 -7 independent measurements (***, p Ͻ 0.001; ns, not significant versus wild type mice; ##, p Ͻ 0.01; #, p Ͻ 0.05; ns, not significant versus TTP Ϫ/Ϫ aortas; ns § , not significant versus L-NAME treated TTP ϩ/ϩ aortas; two-way ANOVA). B, the NO/cGMP signaling in the aorta of TTP Ϫ/Ϫ mice in comparison to wild type mice was measured by immunoblot analyses with a specific P(Ser-239)-VASP antibody. The figure displays the summary (mean Ϯ S.E.) of densitometric analysis of Western blots using proteins from 11 mice (**, p Ͻ 0.01 versus TTP ϩ/ϩ mice; t test). C, RNA from aortas of TTP Ϫ/Ϫ or TTP ϩ/ϩ mice was analyzed for iNOS and eNOS mRNA expression by qRT-PCR (ns, not significant versus TTP ϩ/ϩ mice; t test). D, eNOS or iNOS protein expression in aortas from TTP Ϫ/Ϫ or TTP ϩ/ϩ mice was analyzed in immunoblots using specific anti-eNOS or -iNOS antibodies. The figure is the summary (mean Ϯ S.E.) of densitometric analyses of Western blots using protein extracts from 10 to 11 mice (ns, not significant versus TTP ϩ/ϩ mice; t test). with L-012 ECL or Amplex Red/peroxidase-derived fluorescence. In addition we determined vascular superoxide formation by dihydroethidine-dependent fluorescence microtopography of aortic cryosections (Fig. 4C) . In all analyses we observed higher RONS formation in mice lacking TTP (Fig. 4 , A-C). Specific inhibition of NAPDH oxidases (Nox) by 3-benzyl-7-(2-benzoxazolyl)thio-1,2,3-triazolo(4,5-d)pyrimidine (VAS-2870, 25 mol/liter) nearly totally blocked RONS formation in whole blood (Fig. 4A ) indicating an involvement of Nox enzymes in the TTP Ϫ/Ϫ -related enhancement of RONS production. The L-012 signal in the TTP Ϫ/Ϫ group was also partially suppressed by Cu,Zn-SOD (200 units/ml) indicating formation of superoxide (not shown). Likewise, the Nox-derived H 2 O 2 signal was partially suppressed by VAS-2870 (10 mol/ liter) and PEG-catalase (800 units/ml), underlining the specificity of the Amplex Red/peroxidase assay for H 2 O 2 (not shown).
Bioactive NO can react with superoxide to peroxynitrite, a very potent RONS. As a marker for peroxynitrite formation, we checked the nitration of tyrosine residues of proteins in cardiac tissue of TTP ϩ/ϩ and TTP Ϫ/Ϫ mice using a specific anti-nitrotyrosine antibody. Hearts from TTP Ϫ/Ϫ mice displayed higher levels of 3-nitrotyrosine-positive proteins (Fig. 4D) .
Increased Nox2 Expression in TTP-deficient Mice Correlates with RONS Formation-
The formation of RONS like superoxide and peroxynitrite is influenced by Nox expression. As Nox1, -2, and -4 had been described to be the major sources of reactive oxygen species in murine aortas (41), we analyzed the mRNA and protein expressions of those enzymes. By analyzing the relative Nox mRNA expression in TTP Ϫ/Ϫ aortas, we detected much higher expressions of Nox2 and Nox4 than Nox1 mRNA (Fig. 5A) . Comparison of the Nox mRNA expression between the aortas of TTP ϩ/ϩ and TTP Ϫ/Ϫ mice revealed enhanced Nox2 mRNA expression in TTP Ϫ/Ϫ aortas (Fig. 5B) . Also enhanced Nox2 protein expression was detected (Fig. 5C ), whereas no changes in Nox1 or -4 protein expression were seen (data not shown).
TTP Gene Inactivation Enhances Nox2 mRNA Stability-We analyzed the effect of TTP deficiency on Nox2 mRNA stability in primary peritoneal cells isolated from TTP ϩ/ϩ and TTP Ϫ/Ϫ mice. Incubation with LPS (2 g/ml) and IFN-␥ (100 units/ml) FIGURE 3. TTP deficiency does not change sodium nitroprusside-mediated effects on constriction/relaxation in aortas, blood lipid, and glucose levels but reduces blood pressure in TTP-deficient mice. A, aortic rings from TTP Ϫ/Ϫ and TTP ϩ/ϩ mice were mounted in a wire myograph for isometric tension recording. Rings were pre-contracted with 100 nmol/liter of norepinephrine and relaxed with increasing concentrations of sodium nitroprusside (SNP). Data shown are mean Ϯ S.E. of 4 -7 independent measurements (ns, not significant versus wild type mice; two-way ANOVA). B, blood lipid levels (TC, total cholesterol; HDL, high density lipoprotein cholesterol; TRG, triglycerides; LDL, low density lipoprotein cholesterol; non-HDL, non-HDL cholesterol; TC/HDL, ratio total cholesterol and HDL cholesterol) and glucose levels were determined in the blood sera of TTP Ϫ/Ϫ and TTP ϩ/ϩ mice. Data shown are mean Ϯ S.E. of 5 independent measurements (ns, not significant versus wild type mice; t test). C, blood pressure and heartbeat rate of TTP Ϫ/Ϫ and TTP ϩ/ϩ mice were measured by a non-invasive tail-cuff method. Pressure measurements were analyzed 5 times for each mouse to obtain an average value. Data shown are mean Ϯ S.E. of 5 independent measurements (***, p Ͻ 0.001; *, p Ͻ 0.05, versus wild type mice; t test).
for 4 h induced Nox2 mRNA expression in peritoneal cells of both genotypes nearly 5-fold (see Fig. 5D ). As shown in Fig. 5E (26) . Compared with PBStreated mice we observed reduced TTP and enhanced Nox2 mRNA expression in the paws of CII-treated mice (Fig. 6) .
Inactivation of the Tnf-␣ Gene in TTP
Ϫ/Ϫ Animals Does Not Reverse Endothelial Dysfunction-TTP has been shown to be a major post-transcriptional regulator of TNF-␣ expression (21) and the pro-inflammatory phenotype of TTP Ϫ/Ϫ mice can be reversed by TNF-␣ blockade (23) . TNF-␣ has been described to be an important mediator of atherogenesis (42) , as well as to regulate Nox expression in cell culture (43) and mouse models (44) . Therefore we expected that genetic inactivation of the Tnf-␣ gene in TTP Ϫ/Ϫ mice normalizes the atherogenic phenotype. Surprisingly, inactivation of the Tnf-␣ gene in TTP Ϫ/Ϫ mice did not improve the endothelial dysfunction caused by TTP deficiency (Fig. 2A) . (Fig. 7B) . In addition, compared with TTP Ϫ/Ϫ animals Nox2 mRNA expression was not reduced in TTP Ϫ/Ϫ /TNF-␣ Ϫ/Ϫ mice (Fig. 7C) . Interestingly, Nox4 mRNA expression was significantly enhanced in TTP Ϫ/Ϫ / TNF-␣ Ϫ/Ϫ animals compared with TTP Ϫ/Ϫ mice.
DISCUSSION
Patients suffering from chronic inflammatory diseases like RA have a 50% increased risk for cardiovascular events, independent of the traditional risk factors (6) and an enhanced cardiovascular disease mortality (45) . Up to now the molecular mechanisms leading from RA to AS are not well understood.
Endothelial dysfunction is the earliest maker of atherosclerotic changes in the vessel wall, which precedes plaque devel- ϩ/ϩ mice; t test). D, peritoneal cells of TTP ϩ/ϩ or TTP Ϫ/Ϫ mice were isolated and adherent cells were treated with LPS (2 g/ml) and IFN-␥ (100 units/ml) for 4 h. RNA was isolated and Nox2 and GAPDH mRNA was measured. Nox2 mRNA expression was normalized to the GAPDH mRNA expression. The relative Nox2 mRNA expression after 4 h LPS/IFN-␥ in each genotype was set to 100%. Shown are the mean Ϯ S.E. of n ϭ 10 -12 analyses (***, p Ͻ 0.001 versus untreated TTP ϩ/ϩ mice; ###, p Ͻ 0.001 versus untreated TTP Ϫ/Ϫ mice; t test). E, peritoneal cells of TTP ϩ/ϩ or TTP Ϫ/Ϫ mice were isolated and adherent cells were treated with LPS (2 g/ml) and IFN-␥ (100 units/ml) to induce Nox2 mRNA expression for 4 h. DRB (25 g/ml) was added to stop RNA Polymerase II-dependent transcription. After 10, 30, 60, 120, or 240 min RNA was isolated and Nox2 and GAPDH mRNA were measured. Nox2 mRNA expression was normalized to GAPDH mRNA expression. The relative Nox2 mRNA expression after 4 h LPS/IFN-␥ was set to 100%. Shown are the mean Ϯ S.E. of n ϭ 10 -12 analyses (*, p Ͻ 0. opment and is a predictor of cardiovascular events (2, 3). Endothelial dysfunction is a common feature of patients with atherosclerosis (4) and has been linked to RA-driven systemic inflammation (46) . The importance of systemic inflammation in atherogenesis is demonstrated by the correlation of increased concentrations of inflammation markers with cardiovascular mortality in RA patients (45, 47) . Many pro-inflammatory mediators enhanced in RA, e.g. IL-6 and TNF-␣, seem to influence the progression of AS. Several pro-inflammatory mediators are post-transcriptionally regulated by TTP. Therefore this RNA-binding protein is likely to play a central inhibitory role in the inflammationrelated pathomechanisms leading to AS. In gene expression analyses enhanced TTP expression could be detected in atherosclerotic plaques from human patients or mice (48, 49) . This may be a reflectory response of the organism to down-regulate the pro-inflammatory gene expression.
Even though TTP is an important regulator of pro-inflammatory gene expression, its precise role in the development of RA and AS is not clear (20, 48, 49) . For a better understanding of those underlying mechanisms, we used a TTP Ϫ/Ϫ mouse model that spontaneously develops a pro-inflammatory phenotype (23) mainly due to enhanced TNF-␣ expression. In the current study we describe the relationship between systemic inflammation in TTP Ϫ/Ϫ mice and the development of an endothelial dysfunction. Despite no detectable major changes in the NOcGMP pathway (Fig. 2, C and D, Fig. 3A ) TTP Ϫ/Ϫ mice have an impaired endothelial function ( Fig. 2A) in the absence of hypercholesterolemia, normal blood glucose levels, and reduced blood pressure (Fig. 3, B and C) . This is similar to RA patients, who develop endothelial dysfunction, in the absence of classical risk factors (50) . As endothelial dysfunction is correlated to hypertension (51), the reduced blood pressure measured in TTP Ϫ/Ϫ mice was not expected. However, in microarray analyses using RNAs from embryonic fibroblasts of TTP ϩ/ϩ and TTP Ϫ/Ϫ mice the Ier3 (also named gly96/IEX 1) transcript was characterized as a direct TTP target (52) . Mice with disrupted Ier3 gene displayed enhanced blood pressure and cardiac hypertrophy (53) . Therefore increased Ier3 expression in TTP Ϫ/Ϫ mice may explain the reduced blood pressure detected in our experiments. Interestingly, inactivation of the Tnf-␣ gene in TTP Ϫ/Ϫ mice did not reverse TTP Ϫ/Ϫ -dependent endothelial dysfunction (Fig. 2A) . Therefore, besides TNF-␣-related pro-inflammatory stress, other factors putatively directly regulated by TTP seem to be involved in TTP
More detailed molecular analyses demonstrated increased expression of several mediators, which are known to trigger either inflammation (TNF-␣, Mip-1␣, and S100A8) or atherogenesis (SPP1 and CTSS) in the aortas of TTP Ϫ/Ϫ mice (Fig.  1A) . TNF-␣ and Mip-1␣ are two well characterized TTP target mRNAs (18 -20) . Tnf-␣ gene inactivation in TTP Ϫ/Ϫ mice normalized the mRNA expression of some (S100A8, CTSS) but not all (SPP1 and Mip-1␣) analyzed mediators (Fig. 7B ). SPP1 expression has been shown to be increased by TNF-␣ (54) and post-transcriptional regulation of the SPP1 mRNA by binding of the elongation translation factor-1A1 to the SPP1 5Ј-UTR has been described (55) . Whether TTP directly regulates SPP1 expression, via binding to the SPP1 mRNA, or indirectly, via modulation of other post-transcriptional mechanisms, remains to be determined.
We also observed enhanced VCAM-1 and ICAM-1 expression in the aorta of TTP Ϫ/Ϫ mice (Fig. 1B) . As VCAM-1 has been identified as a putative TTP target in DNA microarray experiments (56), the enhanced VCAM-1 expression may be a direct effect of the TTP deficiency in addition to the well known TNF-␣-related increase of ICAM-1 and VCAM-1 expression (57). The enhanced VCAM-1 and ICAM-1 expressions indicate an activation of endothelial cells in the aorta of TTP Ϫ/Ϫ mice and is able to enhance immune cell migration into the intima (58) . Accordingly, we detected enhanced CD68 protein content in the aorta of TTP Ϫ/Ϫ mice (Fig. 1C) . The increased TNF-␣ level in TTP Ϫ/Ϫ mice is involved in the chronic inflammatory phenotype of these animals (23) . Also in RA patients TNF-␣ seems to be one of the main triggers of the disease. The phenotype (e.g. body weight and live span) of TTP Ϫ/Ϫ mice could be partly reversed with anti-TNF-␣ antibody treatment, cross-breeding on a TNF-␣ receptor-deficient strain (59) or on a TNF-␣ Ϫ/Ϫ strain (this article). As TNF-␣ is an important mediator of systemic inflammation, it seems very likely that it plays a major role in atherogenesis in RA patients or TTP Ϫ/Ϫ mice, but this issue is still under debate. Treatment with TNF-␣ antagonists, especially in combination with the disease modifying anti-rheumatic drug methotrexate, seems to lower the cardiovascular risk in RA patients (60) , favoring a deleterious role of TNF-␣ in RA-associated AS development. However, contrary studies exist demonstrating no beneficial effect of an anti-TNF-␣ therapy on cardiovascular risk in RA patients (61) . These indifferent results of the clinical data seem to be reflected in our animal model. As shown in Figs. 2A and 7 the endothelial dysfunction, enhanced RONS production, and enhanced pro-inflammatory and pro-oxidative gene expression induced by TTP deficiency FIGURE 6 . The TTP mRNA expression is reduced in paws of CII-treated animals, whereas the Nox2 mRNA expression is enhanced. The mRNA expression of TTP and Nox2 was measured in paws of PBS-or CII-treated mice on day 33 after the first immunization by qRT-PCR. TTP or Nox2 mRNA expression was normalized to GAPDH mRNA expression. The TTP or Nox2 mRNA expression in PBS-treated mice was set to 100%. Each treatment group contained seven mice. Data represent the relative TTP or Nox2 mRNA expression (mean Ϯ S.E.) compared with PBS-treated mice (**, p Ͻ 0.01; *, p Ͻ 0.05 versus PBS-treated mice; t test).
are not or only partially reverted by inactivation of the Tnf-␣ gene in TTP Ϫ/Ϫ mice. Altogether the data from the human and mouse systems indicate that TNF-␣ is one important but not the only mediator responsible for AS development in the context of a chronic systemic inflammation.
Our data demonstrate that oxidative stress is one important trigger for the development of an endothelial dysfunction during chronic inflammation. The loss of TTP leads to higher expression levels of the superoxide-producing enzyme Nox2 (Fig. 5, B and C) resulting at least partially from enhanced mRNA stability (Fig. 5E ). This higher Nox2 expression leads to enhanced RONS levels (Fig. 4) . This results in an imbalanced ratio of vasodilators to vasoconstrictors and impaired NO bioavailability (Fig. 2B) contributing to the observed endothelial dysfunction. Analysis of TTP and Nox2 mRNA expression in the paws of CII-treated mice (CIA) showed reduced TTP and enhanced Nox2 mRNA expression compared with PBS-treated animals (Fig. 6 ). This indicates a close connection between dysregulated TTP and Nox2 expression in chronic inflammatory diseases in general. Also in synovial fluids obtained from RA patients the levels of RONS including superoxide are significantly raised and positively correlated with higher Nox activity (62) . In addition, increased levels of nitrotyrosine, another marker of oxidative stress, were detected in RA patients (63) and also in TTP Ϫ/Ϫ mice (Fig. 4D ). Analyzing CD68 expression (Fig. 1C) we detected an increased infiltration of macrophages into the intima of TTP Ϫ/Ϫ aorta. In addition as expected from the regulation of GM-CSF mRNA expression by TTP (64), blood cell analyses revealed enhanced neutrophil, granulocyte, and monocyte cell numbers in TTP Ϫ/Ϫ mice (see Table 2 ). As Nox2 expression is high in monocytes/macrophages the enhanced RONS production and Nox2 expression in the aorta of TTP Ϫ/Ϫ mice may be related to the observed macrophage/ monocyte infiltration. The enhanced RONS production and Nox2 mRNA expression was not reverted by inactivation of the TNF-␣ gene in TTP Ϫ/Ϫ mice (Fig. 7) . The enhanced expression of Nox2 detected in TTP Ϫ/Ϫ and TTP Ϫ/Ϫ /TNF-␣ Ϫ/Ϫ mice may be a direct consequence of TTP deficiency or an indirect but TNF-␣-independent effect, due to systemic inflammatory processes. Reduction of Nox2 expression/activity by p38 MAPK inhibitors has been described (65, 66) . p38 MAPK is a major regulator of TTP expression and activity (67) . In addition the 3Ј-UTR of the Nox2 gene contains several AREs, which may be TTP binding sites. In the current study we detected marked enhancement of Nox2 mRNA stability in peritoneal cells isolated from TTP Ϫ/Ϫ animals (Fig. 5D ). Therefore it seems very likely that TTP mediates the decay of Nox2 mRNA under physiological conditions. Because not much is known about post-transcriptional regulation of Nox expression (68) , this hypothesis has to be verified in further experiments. According to our results we postulate that during systemic inflammation molecular pathways leading to the development of atherogenesis through induction of oxidative stress are only partially activated by TNF-␣.
Altogether we have demonstrated that oxidative stress, in particular increased Nox2 activity, promotes the development of atherosclerosis in models of systemic inflammatory diseases as RA. Moreover we provide evidence that TNF-␣ alone is not the driving force in atherogenic processes. As the standard therapeutics in RA, TNF-␣ antagonists, and disease modifying anti-rheumatic drugs have only a limited success in prevention of cardiovascular events, the additional use of antioxidative drugs could be an alternative. In numerous clinical trials the usage of nutritional supplements (such as ␤-carotene, selenium, vitamin C, and vitamin E) as antioxidative substances in the prevention of coronary heart disease and stroke resulted in conflicting data (positive, neutral, and negative) (69, 70) . Therefore more specific drugs acting via down-regulation of Nox could be promising.
